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ABSTRACT
STUDY OF REDOX-MEDIATED BROMATE-BASED ELECTROCHEMICAL ENERGY
SYSTEM
Talha Razaulla, MS
Department of Mechanical Engineering
Northern Illinois University, 2018
Dr. Kyu Taek Cho, Thesis Director

There has been a renewed interest in flow batteries, particularly those based on the bromate
reduction reaction mediated by fast redox reaction of Br2/Br- which employs highly soluble
aqueous multi-electron oxidants, characterized by auto-catalytic accelerated mechanism. This
enables, in theory, very high energy densities, in the range of 1000 Ah/kg, which is not only ideal
for application in the stationary energy storage sector but also holds promise for the transport
industry, where it can provide a comparable driving range of 500 km but in less than half the
weight of the battery system under use presently (209 kg compared to 450 kg as used in a Tesla
Roadster). However, the primary research conducted so far for this system is component-level
analysis under steady-state and ideal operating conditions (employed with an RDE), which does
not provide insight into the cell behavior in the actual conditions including variation of reactant
concentration and reaction time effects.
In this study, research has been conducted systematically through computational analysis
combined with full-cell test to understand the effect of coupled catalytic reaction on the cell
behaviors under realistic conditions. From the full-cell-based test, a unique behavior induced by
the auto-catalytic reaction was found for the first time, and to understand the underlying physics
and nature of the system, fundamental study has been conducted through model and actual

systems. Characteristic behaviors of three mechanisms (E, EC, and EC’) were investigated with
modeled systems and the results were compared with respect to reaction time and concentration,
which are key factors in EC’ mechanism. Furthermore, the effect of stoichiometric coefficients of
reactants on concentration profiles of reactants, products and cell potentials was investigated.

As a final step, the effect of catalytic reaction was generalized through analytic relations
including a non-dimensional parameter which includes key parameters in EC’ reaction such as
reaction kinetic constant, reactant concentration, and reaction time. In particular, the analytic
relations provide conditions for limiting-case analysis, i.e., diffusion-limited zone (i.e., general E
mechanism is dominant) and kinetic-limited zone (i.e., EC’ mechanism is dominant).
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CHAPTER 1
INTRODUCTION

Background

Flow battery is a type of electrochemical energy device where the chemical redox
reaction at the electrodes – anode and cathode – is used to convert chemical energy to electrical
energy or vice-versa. Often, the two chemicals are separated by an ion-exchange membrane and
are allowed to circulate within their own separate spaces. Unlike fuel cells, after a complete
discharge of the cell, the battery can be recharged by simply reversing the current direction
(Revankar & Majumdar 2014).
Flow battery systems are one of the major alternative energy systems that have generated
a lot of interest in the face of rising global warming and green-house gas production that
threatens the climate of the planet. With the search for alternative systems that can replace the
conventional fossil fuel dependency growing, there is a need for greater understanding of the
systems that have potential to succeed the current technologies.
In order to understand what makes these systems appealing, a comparison with other
available technologies needs to be made. We will discuss some of the criteria used to analyse
performance of different types of batteries.
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The amount of energy of such a cell, usually measured in terms of energy density, is
directly proportional to the density of the electrolytes and the number of electrons exchanged at
the electrode surface per unit of charged species. Maximum current density and open circuit
voltage (OCV) are other two aspects that are important when determining the system
performance. The OCV is mainly influenced by the standard reduction potentials of the chemical
reactions at the electrode and the ratio of the reactant and product concentrations at the electrode
surface, calculated through the Nernst potential. The current density is determined by the flux of
the reactant species towards the electrode surface and reaches limiting case when the
concentration of the species becomes zero. The higher the diffusion flow (influenced by
diffusivity of the species) and flow by other means such as convection, the higher the current
density obtained from the system.
The above parameters will be the main variables that are analysed in this work. To
compare the general flow battery systems with the most commonly used battery, Li-ion battery,
we will look at the following systems: vanadium redox flow battery (VRFB) and zinc bromine
battery (ZRB).
Vanadium Redox Flow Battery (VRFB)

The VRFB system has one of the better charge-discharge performances among the
currently researched flow batteries. The system also has no risk associated with explosion or fire
hazard. Finally, the low self-discharge of the system has made it one of the most highly
researched systems. However, the system has low energy density of about 40 Wh/kg. Another
big limitation of the system is the narrow operating temperature of the system (5°C – 45°C),
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outside of which the system experiences heavy efficiency losses in addition to electrolyte.
Another disadvantage of the system is that the ion exchange membrane is relatively expensive
compared to other systems (Blanc & Rufer, 2010).
Zinc Bromine Battery (ZBB)

The OCV of the ZBB is the highest among flow batteries. The electrolyte is also
considerably cheaper compared to other systems (Energy Storage Association). The major
problem of the system is the safety concern of the bromine, as it is highly hazardous. In addition
it also has very low current densities (80 mA/cm2) (Wu et al., 2018). It can be seen from the
Table 1, Li-ion battery is superior to conventional flow batteries when it comes to energy
density.
Table 1:
Comparison of Various Battery Technologies

However, from the comparison of the table (Table 2) below (Tolmachev et al., 2015), we
can see that the flow battery system being analysed in this study, NaBrO3 – H2 flow battery, has
superior energy density characteristics. This overcomes the primary challenge associated with
conventional batteries in terms of energy density, which allows the flow battery to be an equal
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competitor for Li-ion battery even in application where size and weight limitations are important,
such as the automotive industry.
Table 2
Comparison of Li-ion with H2-LiBrO3 flow battery

Motivation

The current system is a relatively new system which has not yet been extensively
analysed. The unique mechanism of the system opens a window for many new interesting
insights into the systems. The goal of the research is to enable understanding of the system that
allows improvement at a system level, when employed as a full-system battery. It will also delve
into some fundamental-level analysis that allows comparison of the unique system mechanism
with other known mechanism.

Literature Reviews

The first major work on the system was done by Tolmachev et al. in introducing the
system and an experimental analysis of a half-cell using an RDE setup. The analysis was a
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steady-state analysis. The RDE setup was used to generate polarization curves for two different
electrolyte combinations using different supporting electrolytes (H2SO4 and H3PO4), which
showed an anomalous nature between current density and rotation speed.
Following this, Vorotyntsev et al. collaborated with Tolmachev for a theoretical analysis
of the system, where they were able to derive expressions under steady-state conditions that
explained the conditions under which the relation between current density and rotation speed
deviate from the normal behavior. The analysis however made assumptions regarding the bulk
concentration of the bulk bromate concentration.

Reaction Mechanism

Based on the mechanism of the reaction, they may be classified into different types. This
classification allows analytical comparison of the system parameters affecting cell performance.
Classification of Reaction Mechanisms

E, EC and EC’ are the three general mechanisms used to classify the electrochemical
reactions.

E Mechanism

This is a simple electroreduction reaction where a reactant species (O) accepts electrons,
undergoing reduction to from product (R).
O + ne- ⇌ R
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EC Mechanism

In this mechanism, the electrode reaction is followed by a chemical reaction, wherein the
product of the electro-reduction process (R) reacts with a non-electroactive species (Z) to form
another non-electroactive species (P). The main contrast of this kind of reaction on the cell
characteristics can be seen as the reduction in concentration of species (R) as long as (Z) is
present in the electrolyte.
O + ne- ⇌ R
Z+R→P
EC’ Mechanism

The difference between this mechanism and the EC mechanism is that the chemical
reaction produces the electro-active species (O) that is the reactant in the electrode reaction. Due
to this type of mechanism, it can be seen that there will be regeneration of (O) over time, with
the species (Z) supporting it through the chemical reaction.
O + ne- ⇌ R
Z+R→O+P
Objective
The goals of the current research work are two fold – an experimental analysis of the full
cell and a theoretical analysis of the system. The experimental analysis will serve to establish a
base-level performance which can be improved at later stages. The theoretical-level analysis is
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intended to provide a fundamental understanding of the system and compare the reaction
mechanism to other mechanisms that distinctly shows the differences between the systems.
The calculations will also help classify the system into zone diagrams that are useful to
determine the conditions under which the cell characteristics of the EC’ distinguish it from the E
mechanism. Based on this analysis, the system will behave in a diffusion-controlled regime(DP)
independent of the influence of the chemical reaction or kinetic-controlled (KP) regime, where
the chemical reaction dominates the system behavior.

CHAPTER 2
EXPERIMENTAL ANALYSIS

Experimental Setup

The various components used for the experimental analysis are explained below.

Electrolytes
Cathode Electrolyte

The electrolyte used is a concentrated salt solution of NaBrO3. The bromate ion is the
non-electro-active species that supports the formation of Br2 required at the electrode surface. In
addition to the salt, a supporting electrolyte - H3PO4 acid is added too.

Anode Electrolyte

The anode side has pure H2 gas being supplied from a gas tank. It is an open system, and
thus after the H2 is passed through the anode, it is left to exit to the atmosphere and not
recirculated, unlike the cathodic electrolyte.
The H2 gas is obtained from a Heliocentris H2 generation unit capable of producing over
99.99% pure H2.
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Flow Battery Module

The various parts of a flow battery module, shown in Figure 1, are given below:
i)
ii)
iii)
iv)
v)
vi)

End plates
Current collectors
Flow fields
Gaskets
GDE/GDL
Membrane

Figure 1: Exploded view of flow battery module.
The above parts are assembled using bolt screws. The pressure used to tighten the bolts
was 65 psi.

End Plates

The end plates are essentially metal blocks that ensure the entire system is held together
tightly by means of bolts.
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Current Collectors

These are copper plates that are used to withdraw current from (or to) the system,
completing the external circuit required for flow of electron.

Flow Fields

The flow fields regulate different types of electrolyte flow to the surface of the electrode
based on their geometry. Serpentine flow fields were used for the present work, having the
effective flow area equal to 5 cm2.

Gaskets

The gaskets are placed around the outer edges of the GDE/GDL, between the flow fields
and the ion-exchange membrane. The thickness of the gaskets used determines the compression
ratio of the GDE/GDL, after the module is assembled.

GDE/GDL

These are essentially the surfaces that act as the electrodes for the system. The GDE (gas
diffusion electrode) consists of a GDL (gas diffusion layer), which is a carbon paper coated with
MPL on one side. This side is then coated with a solution of Pt, Nafion, propyl alcohol and DI
water in a ratio determined by the electrode area. It is used on the anode side. The cathode side
consists of the simple GDL. Multiple layers may be used, and 4 layers were used for our
experimental analysis.
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Membrane
The membrane used here is the proton-exchange membrane – Nafion (NR – 212,
obtained from Ion Power Inc.) which allows transport of protons generated on the anode side
after oxidation of the hydrogen to pass to the cathode side through the SO3- H20 linkage of the
membrane. In addition to protons, water may also be transported due to concentration difference
between the anode and cathode sides.

Peristatic Pump

The peristaltic pump is used to maintain the cathodic electrolyte flow to the electrode.
The pump, a Masterflex L/S Economy Drive, was procured from Cole-Parmer (model 0755480).

Assembled Cell

The assembled cell is then used for the experimental analysis. Figure 2 shows all the
different components of the assembly. As can be seen from the figure, the system is open on the
anode side, whereas it is a closed loop in the cathode side, i.e, the electrolyte is recirculated.
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Figure 2: Assembled system.

Maccor System

The Maccor system (Figure 3) is the device that enables the control of the type of
experiment conducted. The device has internal circuitry that allows control of current passing
through the system. This is done through the software provided, which needs to be pre-coded
before the start of the experiment. The software allows control of either current or voltage and
the amount of time for which a particular value needs to be maintained. In addition the
monitoring frequency of the system can also be programmed. The results can easily be exported
to an MS Excel sheet.
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Figure 3: Maccor system.

Experimental Results

There are two experimental analysis done in the system. The first one is a polarization
test, in which the effect of change in current on voltage is monitored till limiting current density
is reached. The second experiment is a constant current discharge analysis, where a constant
current, usually a multiple of the C rate (amount of current required for complete discharge in 1
hour), is used.
For both experiments, the electrolyte solution had the same composition – 1M NaBrO3
mixed with 5M H3PO4 acid in a 7 ml solution.
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Polarization Curves

The polarization curve obtained below (Figure 4) shows the performance of the system to
be reasonably good. We can note the OCV is nearly 1.4V, which is higher than the standard
potentials of a Br2/H2 flow battery system. The maximum current density obtained is nearly 0.9
A/cm2. The graph also has power density plotted, which reaches a maximum of 0.33 W/cm2.

Figure 4: Polarization curve.

Discharge Curves

Constant current discharge curves of the system are shown below (Figure 5) for two
different discharge rates , 1C and 2C, both employing the same electrolyte solution, mentioned
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above. The ideal discharge times for these should be 1 hour and 0.5 hour respectively, and we
can see that the discharge efficiency of both the curves is nearly 85%.
Another noticeable feature of the plot is an anomalous trend during the initial phase of
the curve (in approximately the first 30% discharge duration), which shows an increase in
potential with time. More about this in the next section.

Figure 5: Discharge curve.

Anomalous Behavior

The anomalous behavior of the curve may be understood by first comparing it to any
other system showing the normal discharge behaviour. One such discharge curve is shown below
(Figure 6). As can be seen, the nature of the curve shows decreasing behavior over time (Davies
& Tummino).
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The mechanism of the reaction makes it possible to explain the above phenomenon,
provided the complete transient analysis is able to be modelled for the system, wherein the effect
of surface concentration of electro-active species at the electrode on the cell potential is
analysed. One of the objectives of our modelling is to achieve this fit between the experimental
result and a modelling result.

Figure 6: Sample discharge curve.
There may be brief dips in potential that may occur when current is just started to be
withdrawn from the system or when current being withdrawn is increased from one value to a
higher value, but this momentary dip is recovered very fast and regains its normal value.
However, for the system under study, the increasing trend of potential lasts for a significant
period of time. An explanation of this phenomenon rooted in the fundamentals of principles
electrochemistry is required in order to be able to use this effect to maximum advantage.

CHAPTER 3
THEORETICAL ANALYSIS – CELL BEHAVIOR

The analysis consists of obtaining solution to the governing equations of the system.
Based on the reaction mechanism outlined earlier, there are three species of interest in the
system: BrO3-(Z), Br2(O) and Br-(R).
A simplification of the system with the assumption of constant bromate concentration not
only reduces the variables from three to two, but also results in linear set of equations that can be
analytically solved, instead of the non-linear equations, which are solved numerically by means
of a software.
Both of the above cases are solved in this section numerically. In addition, the solutions
are first obtained for the simplified E, EC and EC’ mechanism. They are then obtained for the
exact mechanisms, where the stoichiometric coefficients are considered, showing the
significance of the ratios on the system behavior.

Mathematical Description

Governing Equations

The starting equations that were used to obtain the general governing equation for our
system are given below.
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The flux of ionic species is gives by:
𝐽𝑖 (𝑥) = −𝐷𝑖

𝜕𝐶𝑖
𝜕∅
+ 𝑣𝐶𝑖 − 𝑢𝑖 𝐶𝑖
𝜕𝑥
𝜕𝑥

The migration term above is ignored due to presence of sufficiently high concentrations
of supporting electrolyte. Furthermore, convection also is ignored in the model.
The mass conservation equation yields:
𝜕𝐶𝑖
𝜕𝐽𝑖
=−
± 𝑅𝑖
𝜕𝑡
𝜕𝑥
where the second term on the right hand side (Ri) is the component due to the chemical reaction
taking place in the electrolyte and gives a measure of rate of change in species concentration due
to either consumption or generation of the species during the chemical reaction. Through
experimental analysis, the rate of reaction of the catholyte reaction
BrO3- + 5Br- + 6H+ → 3H2O + 3Br2
is given be the equation below, where it is second order with proton [𝐻 + ] and first order with
both bromate [𝐵𝑟𝑂3− ] and bromide [𝐵𝑟 − ]:
𝑅𝑖 = 𝑛𝑖 𝑘𝑓 [𝐻 + ]2 [𝐵𝑟𝑂3− ][𝐵𝑟 − ]
As the protons are supplied from the anode side, we assume that the concentration is
constant to simplify the rate of reaction, leading to:
𝑅𝑖 = 𝑛𝑖 𝑘𝑓′ [𝐵𝑟𝑂3− ][𝐵𝑟 − ]
Combining the above equations into one, we obtain the general equation used for the
analysis as:
𝜕𝐶𝑖
𝜕 2 𝐶𝑖
= 𝐷𝑖
− ±𝑛𝑖 𝑘𝑓′ [𝐵𝑟𝑂3− ][𝐵𝑟 − ]
2
𝜕𝑡
𝜕𝑥
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Initial Condition

The initial conditions of the species is given by the following. Depending on the software
used it might not be possible to use 𝐶𝑅∗ as 0, but a very small value as 1e-6 mol/m3 is possible.
𝐶𝑂 = 𝐶𝑂∗
𝐶𝑅 = 𝐶𝑅∗
𝐶𝑍 = 𝐶𝑍∗
Boundary Condition

The boundary condition on the electrode surface (left hand of analysis domain) is
controlled by Faradaic current relation. Bromate species (Z), which is not electroactive, has zero
flux.
𝜕𝐶𝑜
𝐼
𝐷𝑜 (
)=
𝜕𝑥
𝑛𝑒 𝐹𝐴
𝜕𝐶𝑅
−𝐼
𝐷𝑅 (
)=
𝜕𝑥
𝑛𝑒 𝐹𝐴
𝜕𝐶𝑧
𝐷𝑧 (
)=0
𝜕𝑥
The boundary conditions on the right hand side are given by the bulk concentrations of
the respective species:
𝐶𝑂 = 𝐶𝑂∗
𝐶𝑅 = 𝐶𝑅∗
𝐶𝑍 = 𝐶𝑍∗
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Analysis Domain

The analysis is focused mainly on the catholyte interactions (Figure 7), as can be seen
from the governing equations, as our focus is mainly the EC’ mechanism taking place here. It is
assumed that no electrolyte is allowed to leak through the porous electrode to the ion-exchange
membrane and into the anode side. Furthermore, the electrode reactions are assumed to occur at
the surface of electrode, treating the porous electrode as a flat surface. This is a closed system,
with electrolyte far away from the surface representing the bulk solution.

Figure 7: Analysis domain.

Results

The solution of the above set of governing equations with the appropriate boundary and
initial conditions was obtained from both FlexPDE and Matlab. The main area of interest was the
surface concentration of the electroactive species, bromine (Br2) and bromide (Br-) over time and
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the effect of the ratio of these concentrations on potential, as calculated through the Nernst
equation.

Comparison of Simple E, EC and EC’ Mechanisms

In order to explore the variations produced in the cell behavior, the simplified form of the
E, EC and EC’ mechanisms were compared for the concentration and cell potential.

Constant Bromate Concentration

For the first analysis, the concentration of bromate (BrO3-) was assumed to be constant.
This also enables obtaining analytical solution to the above set of equations through the Laplace
transform method, which will be discussed in later sections, in addition to the numerical
solutions obtained below: the concentration of the electroactive species, O and R (Figure 8), and
the cell potential (Figure 9). As can be seen from the graphs, the transition time for both E and
EC is the same owing to the fact that neither of them regenerate O in the chemical reaction. Due
to consumption of R in the EC reaction, the cell potential of EC is higher than that of E at any
point of time.
We can also note the effect of assumption of constant Z concentration, leading to
constant value of O and R. The value of O is sufficiently high because bromate is always
available to react with the product R, forming O constantly, thus maintaining it at a constant
concentration. Similarly, R for both EC and EC’ mechanisms are very low, due to it being
consumed almost instantly the moment it is generated at the electrode surface.
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Figure 8: Surface concentration of a) bromine (O) and b) bromide (R).

Figure 9: Cell potential.

Variable Bromate Concentration

The second analysis was done with a more accurate equations, by allowing bromate (Z)
to vary with time due to its consumption in the chemical reaction. The effect of this can be seen
in the EC’ results in the results below (Figures 10 and 11).
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Figure 10: Surface concentration of a) bromine (O) and b) bromide (R).

Figure 11: Cell potential.

Comparison of Actual E, EC and EC’ Mechanisms
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After comparing the simplified E, EC and EC’ mechanisms for the above parameters, a
comparison that includes the effect of the actual stoichiometric ratios of the system under
analysis is given below (Figures 12 and 13).

Figure 12: Surface concentration of a) bromine (O) and b) bromide (R).

Figure 13: Cell potential.

CHAPTER 4
THEORETICAL ANALYSIS – PARAMETRIC STUDY

In order to be able to compare the different mechanisms analysed above, a parametric
analysis was done that uses dimensionless variables to compare across different types of
mechanisms without needing to specify all the specific constants of the system such as values of
initial concentration of the non-electroactive species (Z) or the reaction rate constant, etc. This
will also allow classification of system into zone diagrams, which will be shown in the last
section.

Importance of Rate of Chemical Reaction and Operation Time

The chemical reaction taking place in the catholyte is influenced by the reaction rate
constant. In fact the reaction rate constant allows determination of the order of the characteristic
time of reaction. For a zero-order reaction with a rate constant k, the characteristic time is
approximately 1/k, and for a nth-order reaction with respect to a species Ci, the characteristic
time is approximately 1/k(Ci)n. The units of the above is seconds [s], and when the characteristic
time of an electrochemical method is divided by this characteristic time of coupled reaction we
obtain a dimensionless parameter k(Ci)n t, for an nth-order reaction, which combines the effect of
both the reaction rate constant and the duration of experiment into one variable. It is usually
denoted by 𝜆.

26
Surface Concentration Profile

The solution of the general governing equations, under the assumption of constant
bromate (Z) concentration through the Laplace transform method (shown in the Appendix), is
given below. These equations for the EC’ mechanism give the surface concentration of the
electro-active species as a function of time.

𝐶𝑂 (0, 𝑡) = 𝐶𝑂∗ +

2𝐼 √𝑡
5𝑛𝑒 𝐹𝐴√𝜋𝐷

𝐶𝑅 (0, 𝑡) =

−

6𝐼

𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍∗ 𝑡)

5𝑛𝑒 𝐹𝐴√𝐷

√5𝑘𝑓 𝐶𝑍∗

𝐼

𝑒𝑟𝑓(√𝑘𝑓 𝐶𝑍∗ 𝑡)

𝑛𝑒 𝐹𝐴√𝐷

√𝑘𝑓 𝐶𝑍∗

Simple EC’ Mechanism
For a simplified EC’ mechanism, all the stoichiometric coefficients of the various species
are taken as equal to 1. The surface concentrations for the reactant and product term are
expressed below.

𝐶𝑂 (0, 𝑡) =

𝐶𝑂∗

𝐶𝑅 (0, 𝑡) =

−

𝐼

𝑒𝑟𝑓(√𝑘𝑓 𝐶𝑍∗ 𝑡)

𝑛𝑒 𝐹𝐴√𝐷

√𝑘𝑓 𝐶𝑍∗

𝐼

𝑒𝑟𝑓(√𝑘𝑓 𝐶𝑍∗ 𝑡)

𝑛𝑒 𝐹𝐴√𝐷

√𝑘𝑓 𝐶𝑍∗
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Actual EC’ Mechanism
The actual EC’ mechanism is one where the stoichiometric coefficients are included in
the concentration, leading to the following equations.

𝐶𝑂 (0, 𝑡) = 𝐶𝑂∗ +

2𝐼 √𝑡
5𝑛𝑒 𝐹𝐴√𝜋𝐷

𝐶𝑅 (0, 𝑡) =

−

6𝐼

𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍∗ 𝑡)

5𝑛𝑒 𝐹𝐴√𝐷

√5𝑘𝑓 𝐶𝑍∗

2𝐼

𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍∗ 𝑡)

𝑛𝑒 𝐹𝐴√𝐷

√5𝑘𝑓 𝐶𝑍∗

The surface concentration plot against this parameter is given below (Figure 14).

Figure 14: Surface concentration vs λ.

Comparison with Sand Equation

We can note the dimensionless variable term occurring in both the above set of equations
is slightly different, with a simple EC’ mechanism having 𝜆 =√𝑘𝑓 𝐶𝑍∗ 𝑡, whereas the actual EC’
system has 𝜆 =√5𝑘𝑓 𝐶𝑍∗ 𝑡. For small values of these dimensionless variables, the error function
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can be simplified, leading both equations to reduce to the well-known Sand equation for the
single-step E mechanism, as can be seen below (Figure 15).

𝐶𝑂 (0, 𝑡) = 𝐶𝑂∗ −

2𝐼 √𝑡
𝑛𝑒 𝐹𝐴√𝜋𝐷

Figure 15: Surface concentration vs ln(t).

4.3 Transition Time

The transition time occurs when the surface concentration of the reactant species (O)
reaches zero. For the simple E mechanism, this is influenced purely by the diffusion of the
species, and this is known as diffusion-based transition time (𝜏𝐷 ), given by solving the Sand
equation as below.

√ 𝜏𝐷 =

𝑛𝑒 𝐹𝐴√𝜋𝐷 ∗
𝐶𝑂
2𝐼
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3

𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍∗ 𝜏𝐶2 )
√5𝑘𝑓 𝐶𝑍∗

−

√𝜏𝐶2
√𝜋

=

5𝑛𝑒 𝐹𝐴√𝐷𝐶𝑂∗
2𝐼

Simple EC’ Mechanism
Similarly, the transition times for the simplified EC’ is given by the solution of the
expression below obtained by equating the surface concentration to zero, when transition time is
reached.

𝑒𝑟𝑓 (√𝑘𝑓 𝐶𝑍∗ 𝜏𝐶1 )

𝑛𝑒 𝐹𝐴√𝐷𝐶𝑂∗
=
√𝑘𝑓 𝐶𝑍∗
𝐼

Actual EC’ Mechanism
Similarly, the transition times for the actual EC’ is given by the solution of the expression
below obtained by equating the surface concentration to zero, when transition time is reached.

3

𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍∗ 𝜏𝐶2 )
√5𝑘𝑓 𝐶𝑍∗

−

√𝜏𝐶2
√𝜋

=

5𝑛𝑒 𝐹𝐴√𝐷𝐶𝑂∗
2𝐼

As can be seen intuitively from the transition time expression as well as by comparing the
equations of the EC’ mechanism with that of an E mechanism, we can tell that the EC’
mechanism will take longer time to reach transition time due to regeneration of reactant species
(O). A measure of this can be done by dividing the transition time for the coupled reaction by
that of a diffusion controlled E mechanism to obtain a dimensionless value that gives the value of
the number of times greater a coupled chemical reaction system will last compared to a singlestep system.
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Simple EC’ Mechanism

The transition time ratio is given by the expression below:
1

𝜏𝐶1 2
2
√𝑘𝑓 𝐶𝑍∗ 𝜏𝐶1
( ) =
𝜏𝐷
√𝜋 𝑒𝑟𝑓(√𝑘𝑓 𝐶𝑍∗ 𝜏𝐶1 )
Actual EC’ Mechanism

The transition time ratio is given by the expression below:
1

𝜏𝐶2 2
1
( ) =
𝜏𝐷
3√𝜋𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍∗ 𝜏𝐶2 ) 1
(
− )
5
5√5𝑘𝑓 𝐶𝑍∗
Zone Diagram

The above expressions can be divided into zone diagrams based on the value of the
dimensionless parameter (𝜆). For very small values, the ratio for both simplified and actual EC’
mechanism becomes equal to one, showing that the EC’ system behaves as an E mechanism,
wherein the behavior is controlled by the diffusion limited flow.
1

𝜏𝐶1 2
( ) =1
𝜏𝐷
However, for values of 𝜆 > 2, the two mechanisms will have different transition time
ratios, given by the expressions below. For the simplified EC’ mechanism, it is:
1

𝜏𝐶1 2 2√𝑘𝑓 𝐶𝑍∗ 𝜏𝐶1
( ) =
𝜏𝐷
√𝜋
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The actual EC’ mechanism on the other hand simplifies to:
1

𝜏𝐶2 2
( ) =
𝜏𝐷

5
3√𝜋
(
− 1)
√5𝑘𝑓 𝐶𝑍∗ 𝜏𝐶2

Plotting the general expressions for the transition time against a common dimensionless
parameter (𝜆 =√𝑘𝑓 𝐶𝑍∗ 𝑡), allows visualization of these two regions, as shown in Figure 16.

Figure 16: Transition time ratio vs λ.
As can be seen from the Figure 16, for low values of 𝜆 the transition ratio is equal to 1,
which is the diffusion-controlled region (DP), while for large values it enters the kineticcontrolled region (KP) where the coupled reaction dominantly influences the cell characteristics.

CHAPTER 5
CONCLUSION

The results of the system may be classified into two sections, based on the two different
theoretical analysis done. The results from the transient cell behavior analysis show that the
maximal current density can be increased from the original maximum value due to the following
coupled chemical reaction. It also shows that the transient time for an EC’ system will be
multiple times higher than that of a simple E mechanism, which can be shown to improve the
cell operation time.
The parametric analysis derived the relation of the surface concentration of the reactant
species for the particular mechanism of our system, which was also validated by demonstrating
how it simplifies into the well-known Sand equation for a single-step mechanism under the
diffusion-controlled regime.

CHAPTER 6
FUTURE WORK

There is a room for a much more detailed analysis into the aspects of the system,
groundwork for which has been laid out here. Moreover, certain solutions were obtained by
simplification or making assumptions of the system nature. More accurate results may be
obtained by considering a less simplified system. Some of these improvements to the current
analysis are outlined below.
i) The effect of electrolyte flow by means of the peristaltic pump was not analysed.
Incorporating the influence of this phenomenon will help improve matching of experimental data
from complete discharge of electrolyte with modelling data.
ii) The bromate (BrO3-) concentration was assumed constant for the analytical solutions
obtained in the parametric analysis. A different approach will be needed to solve the non-linear
equations resulting from not making this assumption. Incorporating this will enable analysis
throughout the duration of battery discharge, as opposed to only the initial phase, where bromate
concentration is significant.
iii) Furthermore, proton (H+) concentration was assumed constant for both numerical and
analytical solution. Although it is valid for the system as a whole when bromine concentration at
the surface is the limiting factor, considering that the protons required for the catalytic reaction in
the cathode side is provided from the protons generated at the anode, there could still be a
variation in concentration profile further away from electron surface.
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iv) Considering the high reaction kinetics of the system, the analysis was done using the
Butler-Volmer approximation, which simplifies to the Nernst equation. A slightly more accurate
result may be obtained by using the full equation along with making a distinction between the
three different losses – concentration, ohmic and mass transfer. This will also allow further
analysis of each of these three losses in detail.
v) The experimental results showed upwards of 85% discharge efficiency. It is necessary
to understand what portion of this loss is a result of reaching limiting current density and what
part might be due to inherent imperfections of the system.
vi) Finally, the parametric analysis was done based on the assumption of equal
diffusivities of all the species involved the cathode system (bromate, bromine and bromide), and
although they are relatively close to each other, an analysis that is able to account for the
differences in the diffusivities of the system will generate an even more accurate result. It should
be noted that doing so will need some other technique to generate the analytical solution though.
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APPENDIX

SURFACE CONCENTRATION DERIVATION
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1)

Derivation of surface concentration for Br- (R)
Governing Equation
𝜕𝐶𝑅
𝜕 2 𝐶𝑅
=𝐷
− 5𝑘𝑓 𝐶𝑍𝑜 𝐶𝑅
𝜕𝑡
𝜕𝑥 2

…. (1)

Initial Condition
𝐶𝑅 = 0
Left Hand Boundary Condition
𝐷

𝜕𝐶𝑅 −2𝐼
=
𝜕𝑥
𝑛𝐹𝐴

Right Hand Boundary Condition
𝐶𝑅 = 0
Taking Laplace Transform of governing equation
𝑠𝐶𝑅 (𝑥, 𝑠) − 𝐶𝑅 (𝑥, 0) = 𝐷

𝜕 2 𝐶𝑅 (𝑥, 𝑠)
− 5𝑘𝑓 𝐶𝑍𝑜 𝐶𝑅 (𝑥, 𝑠)
𝜕𝑥 2

Rearranging,
𝑠 + 5𝑘𝑓 𝐶𝑍𝑜
𝜕 2 𝐶𝑅 (𝑥, 𝑠)
=
(
) 𝐶𝑅 (𝑥, 𝑠)
𝜕𝑥 2
𝐷
Solution is given by

𝐶𝑅 (𝑥, 𝑠) = 𝐴𝑒

𝑠+5𝑘𝑓 𝐶𝑍𝑜
−√
𝑥
𝐷

+ 𝐵𝑒

𝑜
√𝑠+5𝑘𝑓 𝐶𝑍 𝑥
𝐷

Using Laplace of RHS BC
lim 𝐶𝑅 (𝑥, 𝑠) = 0

𝑥→∞

Now taking Laplace of (2)

……. (2)
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lim 𝐶𝑅 (𝑥, 𝑠) = 𝐴 + 𝐵(∞)

𝑥→∞

Thus,
𝐵=0
Resulting in,

𝐶𝑅 (𝑥, 𝑠) = 𝐴𝑒

𝑠+5𝑘𝑓 𝐶𝑍𝑜
−√
𝑥
𝐷

……. (3)

Putting x = 0,
𝐶𝑅 (0, 𝑠) = 𝐴
And putting back in (2)

𝐶𝑅 (𝑥, 𝑠) = 𝐶𝑅 (0, 𝑠)𝑒

𝑠+5𝑘𝑓 𝐶𝑍𝑜
−√
𝑥
𝐷

Differentiating wrt x,

𝑠+5𝑘𝑓 𝐶𝑍𝑜
𝑥
𝐷

𝑠 + 5𝑘𝑓 𝐶𝑍𝑜 −√
𝜕𝐶𝑅 (𝑥, 𝑠)
√
= −𝐶𝑅 (0, 𝑠)
𝑒
𝜕𝑥
𝐷

Now taking Laplace of LHS BC
𝜕𝐶𝑅 (0, 𝑠)
−2𝐼
=
𝜕𝑥
𝑛𝐹𝐴𝐷𝑠
Putting x=0 in (4) and equating to above,
𝑠 + 5𝑘𝑓 𝐶𝑍𝑜
𝜕𝐶𝑅 (0, 𝑠)
−2𝐼
= −𝐶𝑅 (0, 𝑠)√
=
𝜕𝑥
𝐷
𝑛𝐹𝐴𝐷𝑠

……. (4)
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Thus,

𝐶𝑅 (0, 𝑠) =

2𝐼
𝑛𝐹𝐴√𝐷𝑠√𝑠 + 5𝑘𝑓 𝐶𝑍𝑜

……. (5)

Taking Laplace inverse of above,

𝐶𝑅 (0, 𝑡) =

2𝐼

𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍𝑜 𝑡)

𝑛𝐹𝐴√𝐷𝑠

√5𝑘𝑓 𝐶𝑍𝑜

……. (6)

2) Derivation of surface concentration for Br2 (O)
Governing Equation
𝜕𝐶𝑂
𝜕 2 𝐶𝑂
=𝐷
+ 3𝑘𝑓 𝐶𝑍𝑜 𝐶𝑅
2
𝜕𝑡
𝜕𝑥
Initial Condition
𝐶𝑅 = 𝐶𝑂∗
Left Hand Boundary Condition
𝐷

𝜕𝐶𝑂
𝐼
=
𝜕𝑥
𝑛𝐹𝐴

Right Hand Boundary Condition
𝐶𝑂 = 𝐶𝑂∗
Taking Laplace Transform of governing equation
𝜕 2 𝐶𝑂 (𝑥, 𝑠)
𝑠𝐶𝑂 (𝑥, 𝑠) − 𝐶𝑂 (𝑥, 0) = 𝐷
+ 3𝑘𝑓 𝐶𝑍𝑜 𝐶𝑅 (𝑥, 𝑠)
𝜕𝑥 2
Rearranging,

….... (7)
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−3𝑘𝑓 𝐶𝑍𝑜
𝜕 2 𝐶𝑂 (𝑥, 𝑠) 𝑠
𝐶𝑂∗
(𝑥,
(𝑥,
−
𝐶
𝑠)
=
𝐶
𝑠)
−
𝑅
𝜕𝑥 2
𝐷 𝑂
𝐷
𝐷
Complimentary solution is given by

𝐶𝑂 (𝑥, 𝑠) = 𝐴𝑒

𝑠
−√ 𝑥
𝐷

+ 𝐵𝑒

𝑠
√ 𝑥
𝐷

……. (8)

Particular solution is given by

𝐶𝑂 (𝑥, 𝑠) = 𝐶𝑒

𝑠+5𝑘𝑓 𝐶𝑍𝑜
−√
𝑥
𝐷

……. (9)

+𝐷

In order to determine C and D, assume solution is the PS. Taking double derivative
𝑠+5𝑘𝑓 𝐶𝑍𝑜
𝑥
𝐷

𝑠 + 5𝑘𝑓 𝐶𝑍𝑜 −√
𝜕 2 𝐶𝑂 (𝑥, 𝑠)
= 𝐶(
)𝑒
𝜕𝑥 2
𝐷

Now substituting in general equation and solving for C and D
𝑠+5𝑘𝑓 𝐶𝑍𝑜
𝑥
𝐷

𝑠 + 5𝑘𝑓 𝐶𝑍𝑜 −√
𝐶(
)𝑒
𝐷

𝑠+5𝑘𝑓 𝐶𝑍𝑜
𝑥
𝐷

−√
𝑠
− (𝐶𝑒
𝐷

𝑠+5𝑘𝑓 𝐶𝑍𝑜
𝑥
𝐷

−√
−3𝑘𝑓 𝐶𝑍𝑜
=
(𝐶𝑅 (0, 𝑠)𝑒
𝐷

Solving C and D we get,
𝐶=

−3𝐶𝑅 (0, 𝑠)
5
𝐶𝑂∗
𝐷=
𝑠

Thus the general solution is,

+ 𝐷)

)−

𝐶𝑂∗
𝐷
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𝐶𝑂 (𝑥, 𝑠) =

𝑠
−√ 𝑥
𝐷
𝐴𝑒

+

𝑠
√ 𝑥
𝐷
𝐵𝑒

𝑠+5𝑘𝑓 𝐶𝑍𝑜
𝑥
𝐷

3𝐶𝑅 (0, 𝑠) −√
−
𝑒
5

𝐶𝑂∗
+
𝑠

……. (10)

Using Laplace of RHS BC
𝐶𝑂∗
lim 𝐶) (𝑥, 𝑠) =
𝑥→∞
𝑠
Now taking Laplace of (9)
lim 𝐶𝑅 (𝑥, 𝑠) = 𝐵(∞) +

𝑥→∞

𝐶𝑂∗
𝑠

Thus,
𝐵=0
Resulting in general solution,

𝐶𝑂 (𝑥, 𝑠) =

𝑠
−√ 𝑥
𝐴𝑒 𝐷

𝑠+5𝑘𝑓 𝐶𝑍𝑜
𝑥
𝐷

3𝐶𝑅 (0, 𝑠) −√
−
𝑒
5

+

𝐶𝑂∗
𝑠

……. (11)

Differentiating wrt x,
𝜕𝐶𝑂 (𝑥, 𝑠)
𝑠 −√ 𝑠 𝑥 3 𝜕𝐶𝑅 (𝑥, 𝑠)
= −𝐴√ 𝑒 𝐷 −
𝜕𝑥
𝐷
5
𝜕𝑥
Putting x = 0,

𝜕𝐶𝑂 (0, 𝑠)
𝑠 3 𝜕𝐶𝑅 (0, 𝑠)
= −𝐴√ −
𝜕𝑥
𝐷 5
𝜕𝑥
Now taking Laplace of LHS BC
𝜕𝐶𝑂 (0, 𝑠)
𝐼
=
𝜕𝑥
𝑛𝐹𝐴𝐷𝑠

……. (12)
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Substituting above,
𝑠 3 −2𝐼
𝐼
−𝐴√ − (
)=
𝐷 5 𝑛𝐹𝐴𝐷𝑠
𝑛𝐹𝐴𝐷𝑠
Thus,

𝐴=

𝐼
……. (13)

5𝑛𝐹𝐴√𝐷𝑠√𝑠

Substituting back in equation (12)
𝐶𝑂 (𝑥, 𝑠) =

𝐼
5𝑛𝐹𝐴√𝐷𝑠√𝑠

𝑒

𝑠
−√ 𝑥
𝐷

−

3𝐶𝑅 (𝑥, 𝑠) 𝐶𝑂∗
+
5
𝑠

At x = 0,
3𝐶𝑅 (0, 𝑠) 𝐶𝑂∗
𝐶𝑂 (0, 𝑠) =
−
+
5
𝑠
5𝑛𝐹𝐴√𝐷𝑠√𝑠
𝐼

Using value of 𝐶𝑅 ,
𝐶𝑂 (0, 𝑠) =

𝐼
5𝑛𝐹𝐴√𝐷𝑠√𝑠

−

6𝐼

+
𝑜

5𝑛𝐹𝐴√𝐷𝑠√𝑠 + 5𝑘𝑓 𝐶𝑍

𝐶𝑂∗
𝑠

Taking Laplace inverse of above,

𝐶𝑂 (0, 𝑡) =

𝐶𝑂∗

+

2𝐼 √𝑡
5𝑛𝐹𝐴√𝜋𝐷

−

6𝐼

𝑒𝑟𝑓(√5𝑘𝑓 𝐶𝑍𝑜 𝑡)

5𝑛𝐹𝐴√𝐷

√5𝑘𝑓 𝐶𝑍𝑜

……. (14)

